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SUMMARY 

The purpose of t h i s  contract  was t o  determine 

the temporal s t a b i l i t y  of four  mi r ro r  materials relative 
t o  Homosil t o  within 5 p a r t s  i n  10 o r  50 ppb. Routine 

metrology is  a pa r t ,  o r  so,  i n  10 , while aggressive 

metrology is  good t o  a few p a r t s  i n  10 . Clea r ly  t h i s  

cal led f o r  an order of magnitude improvement. 
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To da te  t h i s  contract  goal has not been at ta ined.  

Despite the  f a c t  t ha t  t h i s  i s  a "f inal"  report ,  the  e%fort  

a t  NBS continues. 

Two important components were required f o r  t h i s  

study. 

an instrument capable of measuring it t o  the required 

precis ion. 

One was an object t o  measure,and the second was 

A l l  other s t a b i l i t y  measurements have involved 

wringing o r  contacting "films" and r e f l e c t i v e  o r  multiple 

d i e l e c t r i c  coatings. 

of such coatings and films may be large compared t o  the 

10-15 Angstrom precis ion required. 

measurement objects would be f r e e  of these uncertaint ies .  

We a l s o  required tha t  the polished (gauging) surfaces of 

the object be  facing the  same d i rec t ion  t o  minimize 

problems of phase angle upon re f lec t ion .  

The physical and op t i ca l  i n s t a b i l i t y  

We asser ted t h a t  our 

Fortunately, these requirements were s a  t i s f  ied 

by a monolithic e ta lon,  described l a t e r ,  which had i t s  

two gauging surfaces op t i ca l ly  polished, f l a t  and para l le l .  

The 26 etalons were produced by the Optical shop a t  the 

University of Arizona i n  Tucson,and it was an impressive 



e f f o r t  on a d i f f i c u l t  task.  

The other  component f o r  t h i s  study was the 

measuring device. 

metrology experts i n  the Dimensional Technology depart- 

ment a t  the  National Bureau of Standards. 

This respons ib i l i ty  f e l l  on the  

The report  which follows i s  an excel lent  

account of the development of the polar iz ing in t e r -  

ferometer. It was authored by D r .  Robert J. Hochen 

and contains the work of many others  who contributed 

t o  the e f f o r t .  
the  improvements , changes and a.dditions which N B S  

thinks would allow the interferometer t o  make length 

determinations to  the required precision. Hopefully, 

Near the end of the report  are l i s t e d  

wa.ys and means w i l l  be found t o  accomplish t h i s .  
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NBS R e s e a r c h  Assoc ia t e  P r o g r a m  in  Ul t ra -High  
P r e c i s i o n  Met ro logy  on  Behalf of the Corn ing  G l a s s  Works  

Corning, N. Y. 

R o b e r t  J. Hochen" 

v 

I. In t roduct ion  

I n  1972 t h e  NBS agreed t o  superv-se and administer a Research Associate 
program i n  u l t ra -h igh  p rec i s ion  metrology on behalf of t h e  Corning G l a s s  
Works. The ob jec t ives  of t h i s  program w e r e  (a) "to develop techniques 
which w i l l  enable cons i s t en t  dimensional measurements t o  an accuracy of 
5 p a r t s  i n  10  ; and (b) t o  v a l i d a t e  these  techniques by applying them f o r  
a s t a t i s t i c a l l y  s i g n i f i c a n t  period of t i m e  t o  materials of known long term 
dimensional s t a b i l i t y " .  [1]*':: A s  of t h e  d a t e  of t h i s  r epor t ,  n e i t h e r  of these  
ob jec t ives  has been completely r ea l i zed ,  though much has  been learned i n  
t h e  a t t e m p t .  The purpose of t h i s  r epor t  i s  t o  document our e f f o r t s  so  
that f u t u r e  workers might p r o f i t  from our experience. 

8 

11. The Experimental Philosophy 

Early i n  t h i s  study it w a s  decided t h a t  due t o  budget r e s t r i c t i o n s  
absolu te  l eng th  measurements a t  t h e  p a r t  i n  lo8 l e v e l  would no t  be attempted 
a t  NBS. Our approach w a s  i n s t ead  t o  compare very similar a r t i f a c t s  ( a  tra- 
d i t i o n a l  metrologic approach) i n  a normal labora tory  atmosphere. We hoped 
i n  t h i s  way t o  develop techniques b e t t e r  su i t ed  f o r  f u t u r e  "routine" metrol- 
ogy and by t h e  use  of s ta t is t ical  intercomparison of ob jec t s  obvia te  the  need 
f o r  long term in ter fe rometer  s t a b i l i t y .  

This approach has much t o  recommend it .  I f  t h e  ob jec t s  compared are 
s u f f i c i e n t l y  similar a l l  l i n e a r  co r rec t ion  terms i n  t h e  l eng th  detennina- 
t i o n s  w i l l  cance l  out i n  the  d i f f e rences .  This inc ludes  the  normally ap- 
p l i e d  r e f r a c t i v e  index co r rec t ions  as w e l l  as in te r fe rometer  and de tec to r  
i n s t a b i l i t i e s .  Furthermore, s t a t i s t i c a l  tests performed on t h e  d i f f e rence  
between two "masters" which are included i n  t h e  measurement algorithm en- 
a b l e  the  experimenter t o  monitor process cont ro l .  12] 
a r t i f a c t s  w e r e  t he re fo re  compared using t h i s  so-called "four-one" s e r i e s  
algorithm. 

Throughout t h i s  study 

111. The Samples 

Twenty-six (26) a r t i f a c t s  f o r  use i n  t h i s  study were prepared f o r  NSS 
by t h e  University of Arizona o p t i c a l  shop, i n  the  geometry shown i n  Fig- 
u r e  1. This geometry w a s  chosen t o  (a) e l imina te  2 wringing f i lm  by 
making t h e  p l a t e n  an i n t e g r a l  p a r t  of t he  a r t i f a c t  and (b)  t o  cance l  ou t ,  
i n  the  l eng th  measurement, t h e  unknown phase s h i f t s  a t  t he  r e f l e c t i n g  sur- 
f aces. 

:!Mechanics Division, Insti tute f o r  B a s i c  S tanda rds ,  National B u r e a u  of 

:g:gFigures enclosed i n  b r a c k e t s  r e f e r  t o  l i s t i n g s  unde r  Bibliography at the 
S tanda rds ,  Washington, D. C. 20234 

end  of this r e p o r t  
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Figure 1: A r t i f a c t s  f o r  Dimensional S t a b i l i t y  Program 

A 

Y 

NOTES 

1. Surfaces A and B 
f l a t  t o  X/10 per  inch 

2. Surfaces A and B 
p a r a l l e l  t o  X/5 p e r  inch 

L. I 



These a r t i f a c t s  are i d e n t i f i e d  by a let ter-number-letter code. The 
f i r s t  let ter of t h e  code i d e n t i f i e s  t h e  material, t h e  number i d e n t i f i e s  
i t s  pos i t i on  i n  t h e  o r i g i n a l  block of g l a s s  and the  last  l e t t e r  i n d i c a t e s  
whether it came from t h e  top  (T) o r  bottom (B) of t h e  block. An a s t e r i s k  
added a t  t h e  end of t h e  code meant t h a t  t h e  a r t i f a c t  w a s  constructed of 
two p ieces ,  o p t i c a l l y  contacted. In  Table 1 w e  list t h e  f i r s t  l e t t e r  of 
the code, the material so designated, and he  thermal expansion coe f f i -  
c i e n t s  as supplied by Corning Glass Works. F3l 

Each of t h e  a r t i f a c t s  w a s  checked f o r  p a r a l l e l i s m  and f l a t n e s s  of t h e  
gauging faces .  
analyzed by Ben J u s t i c e  a t  Corning Glass Works (CGW) are given i n  Table 2 .  
A l l  a r t i f a c t s  used i n  t h i s  study m e t  t h e  design s p e c i f i c a t i o n s  f o r  f l a t n e s s  
and pa ra l l e l i sm ( p a r a l l e l  t o  A/5 per  inch, su r f aces  f l a t  t o  1/10, see F ig .  1). 

The r e s u l t s  of t hese  measurements, performed a t  NBS and 

Except f o r  t h e  l a s t  run (AB), a l l  measurements were performed on samples 
as received from Corning without add i t iona l  cleaning. The four  ( 4 )  a r t i f a c t s  
measured i n  the  f i n a l  run (AB) were cleaned following t h e  procedure described 
fn t h e  sec t ion  on t h e  r e s u l t s  of t h a t  run. 
cep t  when being measured, i n  b e l l  jars supplled by CGW. 
t o  c o n t r o l  t h e  atmosphere i n  these  conta iners ,  s ince  s t u d i e s  a t  CGW have shown 
t h a t  t he  su r faces  "of Si02-TiO 

The a r t i f a c t s  w e r e  s tored ,  ex- 
No a t t e m p t  was made 

lasses should be p a r t i c u l a r 1  i n e r t  t o  ' lab- 
o ra to ry  a i r '  exposure once the2'Earbonate' l a y e r  i s  formed". [ z 1 

I V .  Mechanical Construction 

For a l l  measurements t h e  a r t i f a c t s  were mounted on pos i t i on ing  p l a t e s  
t he  purpose of which w a s  t o  insure  accura te  r epos i t i on ing  of t h e  a r t i f a c t  
i n  the in te r fe rometer  housing. The goa l  w a s  t o  ob ta in  angular r epos i t i on ing  
t o  f l  sec. and t r a n s l a t i o n a l  r epos i t i on ing  t o  +.001 inch. A schematic of 
o n e o f  these  p l a t e s  is  shown i n  Figure 2 (a) with,  and (b) without an  art i-  
f a c t  i n  pos i t i on .  The t h r e e  grooves i n  the  a r t i f a c t  set on t h r e e  b a l l s  lo -  
ca t ed  on t h e  set screws i n  t h e  p l a t e .  The a r t i f a c t  i s  held down by the  
s p r i n g  clamps shown i n  Figure 2b. The flat-groove-cone cons t ruc t ion  on t h e  
p l a t e  s e t  aga ins t  a t r i pod  of b a l l s  r i g i d l y  a t tached  t o  the  interferometer 
casing. The flat-groove-cone p a r t  of t h i s  system worked w e l l ,  but,  f o r  
reasons not ye t  f u l l y  understood, t h e  spr ing  clamps, grooves, and b a l l s  of 
the a r t i f a c t  mounting proved un re l i ab le .  
due t o  breakage of minute p ieces  of g l a s s  i n  t h e  ground g l a s s  grooves. I n  
any case, i n  order t o  m e e t  t h e  repos i t ion ing  s p e c i f i c a t i o n s ,  t h e  a r t i f a c t s  
w e r e  posit ioned as i n  t h e  f i g u r e ,  t he  set screws were adjusted s o  t h a t  t h e  
su r faces  were perpendicular t o  the  in te r fe rometer  a x i s  and then t h e  a r t i -  
f a c t  w a s  epoxied t o  t h e  p l a t e .  
conf igura t ion  f o r  a l l  runs except t he  last (AB). 

It i s  pos tu la ted  t h a t  t h i s  was 

The a r t i f a c t s  were measured i n  t h i s  mounting 

For t h e  las t  run, involving only th ree  of t h e  o r i g i n a l  26 a r t i f a c t s ,  
t h e  mounting w a s  a l t e r e d  s l i g h t l y .  These a r t i f a c t s  were ro t a t ed  so  t h a t  

5 
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Table 1 

Nominal Linear 
First Letter Expansion Coefficient 
of Code Materia 1 PPM/ C 

Z 

Cervit 101 -0.034 

Homosil +O .492 
+o .475 Silica, Corning Code 7940 

Titanium Silicate, Corning 
Code 7971 

-0.035 

Zerodur -0.037 
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Table 2. Artifact  Geometry 

A r t i f a c t  Pa ra l l e l i sm Fla tness  (b) 

F C3T . 01 

* 

C4T 

C5T 

C6T 

C7B* 

C7T 

Z3T 

Z4T 
Z5T 

Z6T 

Z7T 

Z6B* 

S7B 

S7T 

S8T 

S 9T 

Sl lT  

S11B* 

T3B 

T5B 

T5T 

T8T 

T9B* 

T9T 

H 1  

H 2  

.03 

. 01 

. 01 

D 02 

. 01 

015 

.03 

.03 

.006 

0 

. O l  

.04 

.02 

.005 

.04 

. 01 

.05 

.04 

.05 

e 03 

.09 

.03 

. .005 

.02 

.016 

G 

F 

F 

VG 

VG 

G 

G 

F 
F 

G 

VG 

P 

F 

P 

F 

F 

VG 

P 

P 

F 

P 

VG 

P 

G 

G 

c a ) P a r a l l e l i s m  here is t h e  average f r a c t i o n a l  f r i n g e  spacing d i f f e rence  

between top and bottom sur faces  of the  a r t i f a c t .  

(b)Estimated f l a t n e s s  of t h e  center  bottom, Poor, F a i r ,  Good and Very Good. 

i 

7 



-- a 

I I Figure 2: Positioning P l a t e  
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t he  t h r e e  b a l l s  on t h e  p l a t e  w e r e  no longer i n  t h e  grooves, but r e s t ed  on 
t h e  r e l a t i v e l y  smooth bottom sur face .  I n i t i a l l y  one of t he  b a l l s ,  t h e  one 
n e a r e s t  t o  t h e  groove, w a s  epoxied t o  t h e  a r t i f a c t .  The a r t i f a c t  was  then 
ad jus ted  as  before. A f t e r  adjustment a l l  t h r e e  b a l l s  were then epoxied t o  
t h e  p l a t e  (but no t  t o  t h e  a r t i f a c t )  t o  prevent t r a n s l a t i o n  and r o t a t i o n  of 
t h e  b a l l s .  These a r t i f a c t s  were the re fo re  held on t h e i r  t r i p o d  mount by a 
combination of a po in t  contac t  epoxy j o i n t  on one b a l l  and t h e  r e t a i n i n g  
s t r e n g t h  of t h e  spr ing  clamps. 
design s p e c i f i c a t i o n s  f o r  repos i t ion ing  accuracy. 
i n  an attempt t o  mechanically decouple t h e  a r t i f a c t  from t h e  p l a t e  and 
reduce thermal stresses. 

The ar t i facts  thus mounted a l s o  m e t  the  
This  mount w a s  adopted 

I n  operation, fou r  ( 4 )  a r t i f a c t s  w e r e  s to red  on a ca rouse l  under t h e  
in te r fe rometer  housing. 
motely p o s i t i o n  any of t h e  four  ( 4 )  a r t i f a c t s  on t h e  measurement t r i pod  
under the  in te r fe rometer .  
ment. Drawings of it are a v a i l a b l e  upon reques t .  

A mechanical device allowed t h e  opera tor  t o  re- 

This device worked w e l l  throughout t h e  experi- 

V, The In te r fe rometers  

Two in te r fe rometers  of d i f f e r e n t  geometry w e r e  used i n  t h i s  i n v e s t i -  
Both used t h e  s a m e  encoding scheme, whereby t h e  phase d i f f e rence  ga t ion .  

between i n t e r f e r i n g  beams i s  converted i n t o  a p o l a r i z a t i o n  angle.  Conceptu- 
a l l y  t h i s  process  i s  s i m p l e .  Two equal amplitude coherent p lane  waves, l e f t  
and r i g h t  c i r c u l a r l y  polarized respec t ive ly ,  are summed. The angle  of 
p o l a r i z a t i o n  of t h e  r e s u l t i n g  l i n e a r l y  polar ized  beam i s  then propor t iona l  
t o  t h e  phase  d i f f e rence  between t h e  inpu t  beams. 
of t h i s  p lan  i s  more complicated, and e r r o r s  due t o  imperfections i n  t h e  
o p t i c a l  system can show up i n  t h e  encoding process.  
desc r ibe  t h e  geometries of t he  two in te r fe rometers  used (so-called llDysonll 
and "Hartman-Bennet" in te r fe rometers ) ,  de fe r r ing  t h e  d iscuss ion  of t he  
encoding process t o  a later sec t ion .  

I n  p r a c t i c e  t h e  execution 

I n  t h i s  s e c t i o n  we  w i l l  

(a) The "Dyson" Type In te r fe rometer  

The f i r s t  in te r fe rometer  used a t  NBS on s i n v e s t i g a t i o n  w a s  pa t te rned  
a f t e r  an instrument f i r s t  introduced by Dyson'". The NBS instrument w a s  con- 
s t r u c t e d  by J. Lazar and A .  Hartman. A diagram of t h i s  in te r fe rometer  i s  
shown i n  Figure 3 .  The input  beam i s  s p l i t  i n t o  orthogonal p o l a r i z a t i o n s  by 
t h e  compensated Wollaston prism (W). 
t he  prism a t  d i f f e r e n t  angles.  
onto the  a r t i f a c t  su r f aces  (A, A ' ) .  The r e f l e c t e d  beams r e t u r n  through t h e  
l e n s  t o  t h e  s i l v e r e d  po r t ion  of t h e  Wollaston (W) pass ing  through a qua r t e r  
wave p l a t e  on the  way. 
t h e  qua r t e r  wave p l a t e .  The i n t e r i o r  beam travels i t s  o r i g i n a l  pa th  i n  re- 
verse, while t h e  e x t e r i o r  beam t r ave r ses  a pa th  which is t h e  mir ror  image of 
i ts  input path.  Since the  po la r i za t ions  of t h e  beams have been reversed due 

The two p o l a r i z a t i o n  states emerge from 
These beams are focused by t h e  cored l e n s  (L) 

The beams are r e f l e c t e d  off t h e  Wollaston back through 
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Figure 3: Dyson Type Interferometer 

+-= Wollaston (W) 

e- Cored 

Artifact 

Lens (L) 
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1 
- !  t o  double passage through t h e  qua r t e r  wave p l a t e ,  they are recombined by t h e  

Wollaston and e x i t  t h e  in te r fe rometer .  
made co l inea r  and co inc ident .  Another qua r t e r  wave p l a t e  (not shown) is  used 
t o  convert these  l i n e a r  orthogonal p o l a r i z a t i o n  states t o  l e f t  and r i g h t  cir- 
c u l a r  p o l a r i z a t i o n s  f o r  ana lys i s .  
behavior of t h i s  in te r fe rometer  and one i s  included i n  t h i s  r e p o r t  as an ap- 
pendix. This in te r fe rometer  w a s  found t o  be unsu i t ab le  f o r  measurement on 
uncoated a r t i f a c t s  due t o  d i f f i c u l t i e s  wi th  spurious r e f l e c t i o n s .  For t h i s  
reason, and because of unexplained l a r g e  jumps i n  apparent a r t i f a c t  l ength ,  a 
new in te r fe rometer  w a s  constructed f o r  use  i n  t h i s  i nves t iga t ion .  

I 
With proper alignment they may be 

Reports have beer, prepared on the  design and 

(b) The "Hartman-Bennet" Interferometer 

A schematic diagram of the  Hartman-Bennet in te r fe rometer  i s  given i n  
Figure 4 .  
co l l abora t ion  wi th  S .  H. Bennet and J. Lazar. The r i g h t  two beams (3  and 
4) are a c t u a l l y  i n  a p lane  displaced from t h e  p lane  of t he  drawing, wi th  
(3) being d i r e c t l y  behind (2) when t h e  in te r fe rometer  is  viewed as  i n  t h e  
diagram. 

The instrument w a s  designed and constructed by A. Hartman i n  

They are drawn i n  a plane f o r  ease of explanation. 

I n  t h i s  in te r fe rometer  a p lane  wave of laser l i g h t  po lar ized  a t  45" 
t o  t h e  v e r t i c a l  i s  inc iden t  on t h e  f i r s t  beam s p l i t t e r  (BS1). 
i s  r e f l e c t e d  by t h e  beam s p l i t t i n g  su r face  and t h e  3 state t ransmi t ted .  
The r e f l e c t e d  3 state (Beam 1 )  t r a v e l s  downward through t h e  qua r t e r  wave 
p l a t e ,  i s  r e f l e c t e d  off t h e  a r t i f a c t ' s  su r f ace  and comes back up through 
t h e  qua r t e r  wave p l a t e .  
r o t a t e d  t h e  plane of p o l a r i z a t i o n  90" s o  t h i s  beam now passes  through the  
beam s p l i t t e r  (BS 1 )  e n t e r s  t h e  cube corner and is  red i r ec t ed  downwards 
through BS 4 .  It is aga in  r e f l e c t e d  off t he  a r t i f a c t ' s  sur face  passing 
twice through a qua r t e r  wave p l a t e .  
o r i g i n a l  p o l a r i z a t i o n  state and is  the re fo re  r e f l e c t e d  by t h i s  beam s p l i t t e r  
and passes  out  of t h e  in te r fe rometer .  The 3 state which i s  t ransmi t ted  by 
t h e  f i r s t  beam s p l i t t e r  i s  converted t o  an 2 state by a half  wave p l a t e  and 
then  follows a pa th  s i m i l a r  t o  t h a t  of beam 1 but through beam s p l i t t e r s  2 
and 3 .  After  t h i s  second beam is  r e f l e c t e d  off beam s p l i t t e r  3 it is  recon- 
ver ted  t o  a $ state  by t h e  second h a l f  wave p l a t e  and thus passes  through heam 
s p l i t t e r  4 out  of t h e  in te r fe rometer .  A s  i n  t h e  Dyson, a separa te  qua r t e r  
wave p l a t e  (not shown) i s  used t o  convert t o  l e f t  and r i g h t  c i r c u l a r  po la r i -  
za t ions  before ana lys i s .  

The Q state 

Double passage through t h e  qua r t e r  wave p l a t e  has 

Upon r e t u r n  t o  BS 4 i t  i s  i n  i t s  

V I .  The Detector 

The d e t e c t o r  used i n  t h i s  experiment w a s  s i m i l a r  i n  design t o  t h e  az i -  
muthal polarimeter of W. B. Olsen.L61 
wave p l a t e  t h e  l i g h t  beam, nominally l i n e a r l y  polar ized ,  w a s  d i r ec t ed  through 
a Faraday cel l  cons i s t ing  of an  ADP c r y s t a l  centered i n  a solenoid.  This 

Af t e r  passage through t h e  f i n a l  qua r t e r  

. 

, l l  



Figure 4: Schematic of 'Hartman-Bennet' Interferometer 
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solenoid cons is ted  of copper wire wrapped on a b a k e l i t e  core.  
w a s  driven with a 200 he r t z ,  0.5 amp s i n e  wave derived from t h e  output r e f e r -  
ence of a lock-in ampl i f i e r .  
of t h e  p o l a r i z a t i o n  angle  of t he  transmitted beam. 
through an analyzer,  connected t o  a s h a f t  encoder t o  sense i t s  pos i t i on ,  t o  a 
photomultiplier.  
i n  ampl i f i e r  through a narrow band f i l t e r - a m p l i f i e r .  A d e t a i l e d  a n a l y s i s  of 
t h e  electrical s igna l  so obtained i s  given i n  r e fe rence  6 and 7.  
poses here  i t  s u f f i c e s  t o  say t h a t  when t h e  analyzer was aligned p a r a l l e l  o r  
perpendicular t o  the  plane of po la r i za t ion  of t h e  wave, t h e  i n  phase output 
from lock-in goes through zero.  
m i n i m a  (orthogonal t o  t h e  p o l a r i z a t i o n  plane) t o  a p rec i s ion  of 4-0.1 degrees. 
A block diagram of t h i s  e lec t ro-opt ic  system i s  shown i n  Figure 7. 

The solenoid 

This c e l l  produced a small modulation ("dither") 
The modulated beam then passed 

The ac output of t h e  photomul t ip l ie r  w a s  returned t o  t h e  lock- 

For our pur- 

This enabled us t o  set t h e  analyzer on a 

V I I .  Po la r i za t ion  Encoding of Phase Information 

The q u a l i t a t i v e  d e s c r i p t i o n  of t h e  phase encoding scheme given earlier 
i n  t h i s  r epor t  fai ls  t o  t ake  i n t o  account t h e  non idea l i t y  of any o p t i c a l  system. 
It is ,  however, these  s m a l l  dev ia t ions  from i d e a l i t y  which l i m i t  t h e  accuracy 
of in te r fe rometers .  In t h i s  s e c t i o n  w e  w i l l  d i scuss  those dev ia t ions  from 
i d e a l i t y  we have so f a r  considered and quant i fy  t h e i r  e f f e c t s  on measurement 
accuracy.,  To make t h e  d iscuss ion  more concrete we present  i t  i n  re ference  t o  
a model in te r fe rometer  i n  t h e  Michelson conf igura t ion  (Figure 6).  
about equivalent t o  one-half (1/2) of t h e  Hartman-Bennet. Rather a r b i t r a r i l y  
w e  d iv ide  t h i s  model system i n t o  t h r e e  func t iona l  blocks: 
(2) the  in te r fe rometer  proper and (3) t h e  de t ec to r .  

This i s  

(1) t h e  l i g h t  source, 

I d e a l l y  t h i s  in te r fe rometer  opera tes  as follows: A plane wave of f ixed  
frequency w is emitted from t h e . l a s e r  po lar ized  a t  45" with  respec t  t o  t h e  
vertical  and is inc ident  upon t h e  po la r i z ing  beam s p l i t t e r .  Here t h e  beam i s  
s p l i t  i n  two equal amplitude waves, i n  orthogonal p o l a r i z a t i o n  states. The 3 
state proceeds upon pa th  1 and the  6 along pa th  2. Both beams pass through a 
q u a r t e r  wave p l a t e ,  are r e f l e c t e d  off a mirror and r e t u r n  t o  the beam s p l i t t e r  
w i th  t h e i r  p o l a r i z a t i o n  states reversed. Beam 1 is therefore  transmitted and 
beam 2 r e f l e c t e d .  They emerge from t h e  in te r fe rometer  co l inea r  and coincident 
and e n t e r  t h e  de t ec to r  assembly. 
t h e  qua r t e r  wave p l a t e  ( A 3 )  where these  2 and if states are converted t o  l e f t  
and r i g h t  c i r c u l a r  p o l a r i z a t i o n  states. 
l i n e a r l y  polar ized  a t  an angle  dependent upon t h e i r  r e l a t i v e  phase. 
cell-analyzer-photomultiplier assembly opera tes  t o  d e t e c t  t h i s  angle as described 
i n  t h e  d e t e c t o r  s ec t ion  of t h i s  repor t .  

The metal mir ror  M3 simply s t e e r s  the beam t o  

These two states add t o  y i e l d  a wave 
The Faraday 

The above desc r ip t ion  conta ins  many impl i c i t  assumptions. For t h e  source 
w e  have examined two of these ;  t he  e f f e c t s  of laser frequency changes and t h e  
e f f e c t s  of f i n i t e  beam divergence. For t h e  in te r fe rometer  we only consider here 
those  e f f e c t s  due t o  imperfect separa t ion  of $ and 2 s ta tes  hy the beam s p l i t t e r  
as the  geometric e f f e c t s  are in te r fe rometer  dependent and a r e  discussed i n  

1 3  
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the appendices. 
t h e  metal mir ror  (M3), misalignment of t h e  q u a r t e r  wave p l a t e  (13) and imperfect 
q u a r t e r  wave p l a t e  cons t ruc t ion .  

In the de tec to r  assembly w e  have looked a t  t h e  e f f e c t s  due t o  

The e f f e c t s  of laser frequency on t h e  measurement are t r i v i a l  t o  c a l c u l a t e .  
If L 
j u s t  

# L2 by an amount AL then t h e  phase d i f f e rence  between t h e  two beams i s  1 

-.$ = knAL. ' (1) 

Here AL is  t h e  t o t a l  pa th  length  d i f f e rence  between t h e  two beams (k=w/c). 

c i d e n t a l l y  n, t h e  r e f r a c t i v e  index along t h e  unmatched pa th) .  I n  t h i s  in- 
v e s t i g a t i o n  w e  compared a r t i f a c t s  of very nea r ly  equal length  so  ' tha t  L i s  
e f f e c t i v e l y  a few wavelengths a t  most (when w e  take  d i f fe rences)  so changes 

. i n  k (k = w c) and n are i n s i g n i f i c a n t .  

I f  
we wish t o  measure AL t o  a p a r t  i n  lo8 we must know k t o  a p a r t  i n  10 8 (and i n -  

Even so, we used a Lamb d i p  s t a b i l i z e d  
laser (1/10 4 ) t o  avoid t h i s  problem. 

Phase e r r o r s  due t o  beam divergence are a l s o  important only i f  L # L 

is most e a s i l y  considered by imagining t h e  beam t o  be a small por t ion  of a 
s p h e r i c a l  wave f r o n t  from a very d i s t a n t  source. 
L'  from t h e  in te r fe rometer  assembly ( typ ica l ly  01 is  3 mil l i r ad ians  f o r  a laser 
beam and t h e  beam diameter i s  about 2 mm making L'  = lo3 mm). 
that t h e  beam continues t o  diverge a t  t h i s  rate and t h e  pa ths  of t h e  i n t e r f e r -  
ometer are unmatched. 
wavefronts w i l l  be d i f f e r e n t  a t  t h e  de t ec to r  and a c i r c u l a r  " b u l l ' s  eye" type 
p a t t e r n ,  r a t h e r  than a s i n g l e  uniform spo t ,  w i l l  be seen. The averaging of 
t h e  d e t e c t o r  over such a p a t t e r n  w i l l  depend s t rongly  on edge e f f e c t s  and i s  
d i f f i c u l t  t o  p red ic t .  

which is t he  case i n  many p r a c t i c a l  measurement s i t u a t i o n s .  The beam 1 divergence 2' 

L e t  t h e  source be a t  d i s t a n c e  

Now l e t  us suppose 

Then t h e  curva ture  (phase p r o f i l e )  of t h e  i n t e r f e r i n g  

For a s p e c i f i c  i dea l i zed  example these  e r r o r s  may, however, be estimated. 
Figure 7 i s  a schematic drawing of one such simple case, 
a t  t h e  de t ec to r  su r face  from v i r t u a l  po in t  sources AL apart. The phase of 1, 
relative t o  its phase on axis i s  j u s t  

Two wavefronts a r r i v e  

r.. 

and 

L - ) k  - r2k. 
2 42 - (cos e 

Here the medium is  assumed t o  have r e f r a c t i v e  index one (1). 
the  off a x i s  d i s t ance ,  r a d i a l l y ,  t h e  phase d i f f e rence  reduces t o  

Le t t ing  x r ep resen t  

c) 

16 

I . 



i 

I . w 
0 

rl 
a) 
TJ 

$3 

.. 
h 

! '  

17 



where small angle  approximations have been used throughout. 
t o  a t y p i c a l  beam rad ius  (. 1 cm) , k = lo5 cm-', L = 100. em and AL = 10 cm we  
f i nd  t h a t  A$ = .5 rad ians  from t h e  cen te r  t o  t h e  edge of t h e  p a t t e r n .  
case an opera tor  would "see" only  a s i n g l e  f r i n g e  but t h e  phase ac ross  t h i s  f r i n g e  
would n o t  be constant.  

I f  we take x equal 

I n  t h i s  

If t h i s  f r i n g e  were analyzed w i t h  ,a crossed p o l a r i z e r  t h e  minimum cur ren t  
would n o t  occur when t h e  p o l a r i z e r  axis w a s  90" with respec t  t o  the  % vector  a t  
the p a t t e r n  center. The output  c u r r e n t  of t h e  d e t e c t o r  w i l l  then be given by 

h 

( 4 )  xdx, 
2 K 2  i a r cos (e - 2 R O  

w h e r e  R i s  t h e  r ad ius  of t h e  t o t a l  pa t t e rn .  Writing *(x) = ax2 (see eq- 
ua t ion  3) t h e  above becomes 2 

( 5)  
2 R 2  2 i a - 1 cos  (0 - ax ) xdx, 

R2 0 

which reduces t o  i a cos2 9 when c1 -t 0. Af t e r  i n t eg ra t ion  equation ( 5 )  becomes 

2 2 where f3 = aR , T h i s  r e s u l t  a l s o  reduces t o  cos  0 when B 3 0. 

For 8 < n/2 { the  only case we w i l l  consider here) t h e  minima w i l l  occur 
when COS C20 -8) = -1 

e - $/2 = n/2.  (7) 

It can be seen t h a t  t h e  p o s i t i o n  of t h e  p o l a r i z e r  i n  order  t o  obta in  a minima 
depends upon t h e  p a t h  l eng th  d i f f e rence  i n  a way one might expect i n t u i t i v e l y .  
8/2 i s  j u s t  the po la r i za t ion  a t  the r a d i u s  (r = R/42) where the  area i n s i d e  
i s  equal  t o  t h e  area outs ide ,  t h a t  is, t h e  "average" p o l a r i z a t i o n  of t h e  pat-  
t e r n .  I n  t h i s  case above t h e  minimum photo cu r ren t  w i l l  be about 2% of t h e  
maximum. From t h e  above we conclude that wavefront mismatch w i l l  have l i t t l e  
e f f e c t  on r e s u l t s  obtained with e i t h e r  t h e  Dyson o r  Hartman-Bennet i n t e r f e r -  
ometers s ince  AL is f ixed  i n  these  systems. I n  systems where AL changes t h e  
e f f e c t  can be l a rge ,  though, amounting t o  about 8 mh/cm with a typ ica l  uncol- 
limated He-Ne laser and perhaps be much worse as B exceeded n/2.  

When we consider t he  e f f e c t s  of t he  e f f i c i e n c y  of t h e  po la r i z ing  beam 
s p l i t t e r  another i n t e r e s t i n g  e r r o r  emerges. It i s  poss ib le ,  i f  t h e  beam 
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s p l i t t e r  is  poor, f o r  some of t h e  -f p state t o  fo l low t h e  pa th  intended f o r  I 

I 
t h e  

of two waves of d i f f e r e n t  phase, one with t h e  intended $ s ta te  phase, and one 
wi th  t h e  intended 2 state phase. 

state and vice-versa.+ W e  ca l l  t h i s  phenomena beam mixing. The r e s u l t  
I 

w i l l  be t h a t  t h e  nominally p state leaving  t h e  in te r fe rometer  w i l l  be t h e  sum 

That is  

and 

where t h e  E ' S  are t h e  e f f i c i e n c i e s  of t h e  beam s p l i t t i n g  process.  
presence of t h i s  e f f e c t  i s  e a s i l y  de tec ted  and analyzed. 
of t h e  3 beam on t h e  2 pa th  w i l l  remain i n  phase with i t ,  t h e  r e s u l t  w i l l  
simply be t o  r o t a t e  t h e  plane of p o l a r i z a t i o n  of t h e  state s l i g h t l y  and 
vice-versa. 
between t h e  two beams a t  t h e  output of t h e  beam s p l i t t e r .  I f  beam mixing 
i s  occurring t h i s  angle w i l l  n o t  be 90". 

The 
Since t h e  p a r t  

One then simply measures t h e  po la r i za t ion  angle d i f f e r e n c e  

The a n a l y s i s  of t h i s  e f f e c t  may be v isua l ized  as i n  Figure 8. 
numerical s i m p l i c i t y  w e  set t h e  ' t r u e '  $ state orthogonal t o  t h e  nominal 
s state. 
pu t  po la r i za t ions .  C a l l  t he  f i e l d  i n  t h e  x d i r e c t i o n  E . It i s  

For 
+ 

The angle  a s p e c i f i e s  t h e  nonorthogonality of t h e  two real out- 

X 

E = E ei's + E s i n  a ei'p 
X S P 

and t h e  f i e l d  i n  t h e  y d i r e c t i o n  is 

E = E cos a ei'p 
Y P  

The x f i e l d  may be ea.si ly summed y ie ld ing  

E = Eei' where 
X 

and i f  E = Es - - Eo 
P 

s i n  (9 + s i n  a s i n  + -1 S 
$J = t a n  [cos ' s  + s i n  a cos (9' I ;  

P 

then 

2 E = k0( l  + s i n  = E f o r  s m a l l  a .  
0 
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Figure 8: Pola r i za t ion  vec to r s  i n  a system with 
beam mixing 

Component of 
nominal 'p' 
orthogonal 
to nominal s. 
E cos a P 

E sin a 
Nominal 'p' state, pa th  2 

Nominal ' S I  

S path  1 

E sin a 
Nominal 'p' state, pa th  2 

Nominal ' S I  

S path  1 
state, 

.. . . . 
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W e  may a r b i t r a r i l y  choose @ = 0 which makes 
P 

.. s i n  $ 

[cos 4 -t s i n  a 
-1 S 

@ = t a n  3 .  
S 

We assume out d e t e c t o r  senses  t h e  phase d i f f e rence  between t h e  x and y com- 
ponents of t h e  electric f i e l d  and the re fo re  measures $, which except when a = 0, 
i s  n o t  equal t o  $s, t h e  q u a n t i t y  we want t o  measure. 
an  e r r o r  curve wi th  a = 3" (.05 radians) a t y p i c a l  nonorthogonality observed 
f o r  a r t i f a c t  H 1  i n  t h e  Hartman-Bennet in te r fe rometer .  
fe rence  $ - $s versus +s. 
our se tup  w a s  i n  t u r n  changing due t o  pressure  and temperature f luc tua t ions )  
i n  a nonlinear fashion, and when 
wi th  d i f f e r e n t  $ 's ,  e r r o r s  can have any magnitude up t o  twice t h e  extrema of 
t h e  curve and of e i t h e r  sign. 

P l o t t e d  i n  Figure 9 is - .  

Plo t t ed  i s  t h e  d i f -  
A s  may be seen t h e  e r r o r  depends on +s (which i n  

d i f f e rences  are taken between a r t i fac ts  

Af te r  t h e  beams leave t h e  lnterferorneter they are inc iden t  on t h e  p lane  
s and $ are now orthogonal. The s imples t  case is +- m e t a l  mirror a t  angle 91. 

when $ i s  i n  t h e  plane of incidence ( 1  I )  and 2 is  perpendicular (1) t o  t h e  
p lane  of incidence. See F i  u r e  loa. 
s h i f t e d  a d i f f e r e n t  amount[E] with 

I n  t h a t  case they are merely phase 

1 2vn cos e - 1 3 

2 2 2  MS - 
v2 + u - nl cos el 

1 2 
2k2 u - (1 - k2 ) V  

(1 - k2 ) cos €I1 - n12(v2 - u ) 

2 

2 2  2 2 A% 

where 

n1 = r e f r a c t i v e  index of a i r  

n = r e f r a c t i v e  index of m e t a l  

k2 = ( A / ~ I T )  x2 where x2 i s  t h e  adsorbtion c o e f f i c i e n t  of t h e  metal. 

2 

The q u a n t i t i e s  u and v are defined by nonlinear equations with 

2 - n: s i n  el, 2 2  2 2 u - v  = n 2 ( 1 - k 2 )  
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Figure loa: Reflect ion from a metal surface.  -* p i n  plane of incidence. 

ii - normal t o  sur face  

Input 

Metal Mirror 

Figure lob: Reflect ion from m e t a l  surface.  
incidence.  

-L p not  i n  plane of 
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Both phase changes are s t rongly dependent on t he  metal's p rope r t i e s ,  
t he  r e f r a c t i v e  index of t h e  air ,  and the  angle  of incidence. Since metal 
mir rors  are known t o  oxidize,  one must expect that fo r  long-term absolu te  
measurements, sur faces  of t h i s  type should be avoided so that A+ - A+ 
w i l l  be independent of t i m e .  For d i f f e rence  measurements t he  simple e f f e c t  
ou t l ined  above should cancel  out  except f o r  minute changes i n  8 1  between 
a r t i f a c t s .  

S 

-+ 
Now l e t  u s  r o t a t e  t h e  mirror  s l i g h t l y  s o  that p i s  no longer p a r a l l e l  

(8 w i l l  now no longer be perpendicular t o  t h i s  

Now both p and 

t o  t h e  plane of incidence. 
plane e i the r . )  This l i k e l y  approximates a real experimental s i t u a t i o 3 ,  
s ince  pe r fec t  mir ror  alignment would be f o r t u i t o u s  indeed. 
s have components 1 1  and 1 t o  the  plane of incidence and bot$ waves are 
r e f l e c t e d  with e l l i p t i c a l  po lar iza t ion .  In t h e  case of t h e  p state t h e  
major a x i s  of t h i s  po la r i za t ion  will be I I t o  t h e  plane of incidence; the  
major axis of t h e  $ state w i l l  be 1. L e t  y be t h e  angle t h a t  these  states 
make with the  plane of incidence,  where y is  assumed t o  be f a i r l y  s m a l l  
(7" o r  l e s s )  so t h e  e l l i p t i c i t y  of t h e  r e s u l t i n g  l i g h t  w i l l  no t  be v i sua l ly  
apparent (Figure lob) .  

-f 

L e t  us  ca l l  t h e  two phase s h i f t s  + and $ and switch t o  t h e  reference 
system defined by the  mirror.  Then t h e  II e s u l t i L  f i e l d s  a r e  

- 
and 

I' 

W e  can only assume t h a t  our de tec tor  again analyzes t h e  phase d i f fe rence  
between t h e  two perpendicular ly  polar ized waves (E 
metal mirror  i n  t h e  system might produce "beam mixldg" sucff as discussed 
i n  t h e  preceding paragraphs s ince  a s i m p l e  r o t a t i o n  w i l l  not  unmix the  
terms i n  14.  I f  E = Es = E then 

and E ). That is, a 

P 
c: E e i d J  I I ,  with 

E l  I 
s in(4  + $1) + s i n  y sin($s -i- $ 1  

$ 1  I = t an  -'[ cos(+ + $ ) + s i n  y cos($s + $ 
P I I  

19 and El N- E e 1, where . 
sin($, + $ ) - s i n  y s in(+  

+ $1) - s i n  y cos($ 

+ $ ) 

P + $1 -')I* -1 1 P 'l= t an  
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We w i l l  no t  c a r r y  t h i s  a n a l y s i s  any f u r t h e r  numerically, but content our- 
selves with t h e  comment t h a t  a t  the  1/100 f r i n g e  l e v e l  such ''beam mixing" 
terms are h ighly  undes i rab le  as evidenced i n  Figure 9.  I n  both the  "Dyson" 
and "Hartman-Bennet" i n t e r f e romete r s  two aluminum coated mir rors  (exact 
o r i e n t a t i o n  unknown) w e r e  used t o  steer t h e  i n t e r f e r i n g  beams i n t o  t h e  
q u a r t e r  wave p l a t e  - p o l a r i z a t i o n  d e t e c t o r  assembly on a l l  runs  except AB. 
'It would appear from t h e  above t h a t  t h i s  seemingly innocent design f e a t u r e  
adds a complication t h a t  would be b e s t  eliminated. 

We now w i l l  examine t h e  e f f i c a c y  of t h e  polarization-phase de t ec to r  
when t h e  q u a r t e r  wave p l a t e  is p e r f e c t ,  bu t  imperfectly aligned. I n  Fig- 
u r e  11 we d e p i c t  t h i s  s i t u a t i o n ,  where t h e  axes of t he  qua r t e r  wave p l a t e  
are t h e  x and y axes. 
output f i e l d s  from beams 1 and 2 are then 

W e  use E t o  denote t h e  angle  out of alignment. The 

3 A 0 

El = A1 cos(n/4 - E) cos u t  i + A s in(nf4  - E) cos(u t  - n/2) j, 1 

3 A h 

E2 = A2 cos(n/4 4- E) cos ( u t  + 4) i - A2 sin(n/4 + E) cos(wt + 4 - n/2) j, 

where A and A are t h e  inc iden t  amplitudes. 1 2 

With A1 # A2 and E # 0 t h e  r e s u l t a n t  of t hese  two f i e l d s  w i l l  no t  be 
l i n e a r l y  polar ized  but r a t h e r  e l l i p t i c a l l y  polar ized .  This w i l l  cause no 
de tec t ion  problems as long as t h e  major axes of t h e  e l l i p s e  remain along 
t h e  a x i s  determined i n  t h e  i d e a l  (A1 = A2' E = 0) l i m i t .  

r a t i o  A2/A1 E 6 
p l a t e  axes are then, except f o r  constant amplitude f a c t o r s ,  

To test t h i s  we w i l l  assume E t o  be small (E < 5 O ) ,  and t h e  amplitude 
t o  be near un i ty .  The f i e l d s ,  defined on t h e  qua r t e r  wave 

= (1 + E) cos  u t  "I- 6(1 - E) cos(wt -4- 4) '  Ex 
and 

E = ( 1  - E) s i n  u t  - 6(1 I- E) s i n ( u t  + 4) .  
Y 

By replacing u t  by 8 we can see t h a t  these  equations descr ibe  an e l l i p t i -  
c a l l y  shaped f i g u r e  as  a func t ion  of 8. The amplitude of t h i s  f i gu re  i s  

R =  (E:+Ey)  2 1 /2  = (x 2 + y >  2 1 /2  

which w i l l  have extrema a t  dR = 0. 
i n t e r e s t  t h i s  condition fordeextrema can be rephrased as 

Since R has no zeros  i n  t h e  domain of 
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x - + y y =  dx 0 .  
de  de 

A f t e r  manipulation of t h e  equation t h e  condition may be expressed as 

The r o o t s  of 19  can be r e a d i l y  seen t o  occur a t  8 = -+/2 f o r  E = 0. 
assume t h a t  pe r tu rba t ions  of these  r o o t s  due t o  f i n i t e  E are small, Equation 19 
can be solved. 

I f  we 

Assuming t h a t  9 = -4/2 + B y i e l d s  

(6 + 1) E s i n  4 2 
B =  > 

26(1 + E2) - 2(S2 - 1) E cos(+) 

where w e  have neglected terms quadra t ic  i n  B. 

Equation 20 i n d i c a t e s  t h a t  encoding e r r o r s  due t o  f i n a l  qua r t e r  wave 
p l a t e  misalignment are of t h e  worst type imaginable. Not only do they de- 
pend upon t h e  misalignment angle and t h e  amplitude r a t i o  but a l s o  upon t h e  
inpu t  phase d i f f e rence  i n  a nonlinear way. 

I f  t h e  de t ec to r  qua r t e r  wave p l a t e  is f a i r l y  w e l l  al igned (E smal l )  and 
6 is near  1, t h e  e r r o r  pred ic ted  by 20 c l o s e l y  resembles a s i n e  wave of argu- 
ment + and amplitude E. 

We now w i l l  assume t h a t  t h e  qua r t e r  wave p l a t e  is  p e r f e c t l y  aligned but 
That is t h e  phase s h i f t  introduced i s  not  -n/2 bu t  imperfec t ly  constructed.  

-n/2 + E where E is s m a l l .  
equa l  w e  f i nd  (using t h e  no ta t ion  of t h e  previous discussion) 

I f  we l e t  t h e  amplitudes of t h e  inpu t  states be 

0: COS e + + 4) 

E a s in(8  + E) - s i n ( 8  + E + 4) 
Y 

+ E Solving equation Ex de 
dE 
2 f o r  i t s  zeros  we obtain:  X 

dE 

Y de 

where terms quadra t ic  i n  E have been omitted. For E = 0 t h e  above gives 
the zero a t  -4#1/2-as expected. 
t h e  zeros t o  be small. 
o rde r  i n  f3 y i e l d s  

When E # 0 we expect t he  per turba t ion  on 
Subs t i t u t ing  0 = -+/2 + 6 and solving t o  f i r s t  

2 cos ($4, 
4 B = El7 Y 
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another small s inusoida l  phase dependent e r r o r  t e r m .  Even f o r  t h e  bes t  
q u a r t e r  wave p l a t e s  c u r r e n t l y  manufactured E can be of t h e  order of a few 
degrees, which s ince  If31max = 3 ~ / 4  means an e r r o r  of nea r ly  t h e  same mag- 
n i tude  i n  t h e  observed phase. It should a l s o  be noted t h a t  E is  a l s o  t e m -  
p e r a t u r e  dependent and the re fo re  Equation 22 a l s o  introduces unwanted tempera- 
t u r e  c o e f f i c i e n t s .  

. .  
It seems clear from t h e  preceding d iscuss ion  t h a t  a t  t h e  level of X / l O O  

(about two degrees of phase s h i f t )  t h e r e  are many b a r r i e r s  t h a t  prevent proper 
func t ioning  of even the most c a r e f u l l y  constructed p o l a r i z a t i o n  i n t e r f e r -  
ometer. Mode matching (wavefront matching) w i l l  be a must i f  l a r g e  e r r o r s  
i n  t h e  c o r r e c t  f r i n g e  f r a c t i o n  are t o  be avoided i n  abso lu te  measurements. 
More importantly even i n  d i f f e rence  measurements t h e r e  are non vanishing, 
phase dependent terms from "beam mixing" (non-orthogonality of t h e  output 
p o l a r i z a t i o n  states), metal sur face  r e f l e c t i o n s  i n  t h e  wrong p lace ,  qua r t e r  
wave p l a t e  alignment, and qua r t e r  wave p l a t e  construction. The na tu re  of 
t hese  e r r o r s  are such t h a t  they only d i s t o r t  t h e  output as a function of 4 
when i n t e r p o l a t i o n s  between zeros are attempted. I n  o the r  words f r i n g e  
counting with a p o l a r i z a t i o n  in te r fe rometer  would be q u i t e  f e a s i b l e  and 
d i s t o r t i o n s  between zero c ross ings  would be of t h e  form of harmonics of q u i t e  
s m a l l  amplitude. Obviously such d i s t o r t i o n s  would be q u i t e  d i f f i c u l t ,  i f  
no t  impossible, t o  d e t e c t  by observation of t h e  de t ec to r  output as a func- 
t i o n  of +. , .  

Some of t h e  above e r r o r s  could be r e a d i l y  removed now t h a t  they have 
The de tec to r  been recognized. 

erro-rs,  on t h e  other: hand, appear more d i f f i c u l t  t o  e l imina te  given present  
qua r t e r  wave p l a t e  cons t ruc t ion  and conventional alignment procedures. The 
methodology of de t ec t ion  will have t o  be c a r e f u l l y  reconsidered i n  f u t u r e  
po la r i za t ion  in te r fe rometers .  

Beam mixing is t h e  most obvious of these .  

It is perhaps fo r tuna te  t h a t  i t  w a s  decided t o  conduct these measure- 
ments i n  a i r  r a t h e r  than vacuum. 
phase d i f f e rence  between i n t e r f e r i n g  beams would have been nea r ly  constant 
f o r  each a r t i f a c t  and phase dependent systematic e r r o r s  probably not  d i s -  
covered. 
improved and t h e  real accuracy poss ib ly  never assessed. 

Had they been performed i n  vacuum the  

The apparent p rec i s ion  of t h e  measurement would have been much 

V I I I .  The Data 

Af ter  an i n i t i a l  t e s t i n g  period i n  which t h e  mechanical and o p t i c a l  
elements of t h e  system were s tudied  i t  w a s  decided t o  a t t e m p t  dimensional 
measurements even though some aspec t s  of t h e  system w e r e  no t  i n  con t ro l .  
We repor t  here t h e  r e s u l t s  from four  runs labe led  f o r  re ference  purposes 
runs  T, U, AA and AB. The f i r s t  t h r e e  of t hese  runs (T, U, and AA) are 
comparable s i n c e  they made measurements on t h e  same a r t i f a c t s  i n  t h e  same 
system. Run AB w a s  designed t o  test f o r ,  and poss ib ly  eliminate,  t h e  
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e f f e c t s  of thermal stresses and c l ean l ines s  and thus  should be considered 
a separa te  experiment. 
and were thoroughly cleaned. 

For t h i s  run t h e  a r t i f a c t s  were mounted d i f f e r e n t l y  

I n  Figure 12  we p l o t  t h e  l eng th  d i f f e rence  between t h e  two a r t i f a c t s  
H1 and B2 which were included i n  a l l  t h r e e  runs (T, U, and AA) as a func- 
. t ion  of t i m e .  Except f o r  t h e  conversion t o  microinches t h i s  i s  r a w  da t a .  
Shown on one of t h e  p o i n t s  i s  t h e  average unce r t a in ty  i n  each d a t a  po in t  
obtained from process p rec i s ion  a t  t h e  t i m e  of measurement. It was clear 
from these  r e s u l t s  t h a t  t h e  process was  no t  i n  con t ro l ,  and f u r t h e r  a n a l y s i s  
w a s  necessary. 

Since run AA w a s  t h e  b e s t  charac te r ized ,  most recent ,  and most t i g h t l y  
grouped i n  Figure 12 we chose t o  study t h i s  d a t a  i n  d e t a i l  and apply w h a t  
w e  learned t o  t h e  o ther  da t a ,  r a t h e r  than attempt t o  analyze i t  a l l  together.  

Run AA, begun 6/15/75 and ended 7/29/75, cons is ted  of 32 sets of mea- 
surements of four  a r t i f a c t s .  
whole run. 
t h e  remaining 26, each group of two being measured a t  least four  (4) t i m e s .  
Since H 1  and H2 were t h e  b e s t  determined we concentrated our d a t a  a n a l y s i s  
a t tempts  on t h e  d i f f e r e n c e  612 ( length  of H1 - l eng th  of H2). 

Only H2 and H 1  were present  throughout t h e  
The o ther  two a r t i f a c t s  i n  any measurement were se l ec t ed  from 

This d i f f e rence  w a s  examined f o r  temperature, p ressure ,  humidity, and 
An anomously l a r g e  temperature c o e f f i c i e n t  w a s  found temporal dependence. 

i n  these  da t a ,  but t he re  w a s  no s t a t i s t i c a l l y  s i g n i f i c a n t  l i n e a r  dependence 
on pressure ,  humidity, o r  t i m e .  The temperature c o e f f i c i e n t  d i f f e r e n c e  
(run AA) w a s  found t o  be about 2.1 ppm/deg. C. When we use t h i s  value t o  
c o r r e c t  a l l  da t a  t o  20 OC t h e  d i f f e rence  612 appears t o  be i n  b e t t e r  con- 
t r o l .  The co r rec t ed  d i f f e rences  are p l o t t e d  versus t . i m e  i n  Figure 13. 
f i g u r e  should be compared t o  Figure 12 where the  uncorrected d a t a  are p l o t t e d .  

This 

The d a t a  from run AA were next analyzed f o r  nonlinear terms due t o  beam 
mixing as discussed i n  Section V I I .  
phase d i f f e rence  A1412 between a r t i f a c t s  H 1  and H2 versus  t h e  phase of one, 
$ J ~ ,  after co r rec t ions  f o r  t h e  known temperature c o e f f i c i e n t ,  

P lo t t ed  i n  Figure 1 4  is  t h e  measured 

The skewed parabola, c h a r a c t e r i s t i c  of beam mixing e r r o r s  (see Figure 9 ) ,  
appears as expected s ince  t h e  output beams w e r e  nonorthogonal by approximately 
4 degrees. These d a t a  were then f i t t e d  t o  an  equation of t h e  form: 

- 
1 + B(Ti - TI, (23) 1 2 s i n  $I 

2 

1 
sin(+, 1 i J - tan-'[ 

cos  $I + s i n  c2 1 i cos +il + s i n  E 
-2 
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1 where 0,' = C1. - 2 JIi 

N 

i=l 

- 
T = C Ti/N. 

GI, C2, cl and B were ad jus t ab le  parameters. 
squared, xv 

The f i t  gave a reduced chi- 
= 1.36, wi th  N = 30 poin ts .  The b e s t  f i t  parameters were: 

B = -63.7 5 8 deg.(analyzer angle)/deg. C 

= 5.6 5 0.8 degrees 

C1 = 0 - + 4 degrees 

and 

The x: f o r  t h e  same d a t a  set was  2.97 before t h e  "double tangent" beam 
mixing co r rec t ion  curve was  added t o  t h e  f i t .  
fe rence  (C2) amounts t o  a l eng th  e r r o r  of *009 pin . ,  i .e .  b e t t e r  than 
1 p a r t  i n  lo8 on t h e  1 inch  a r t i f a c t s .  

Cz = 138.0 5 .5 degrees (phase). 

The e r r o r  i n  t h e  phase d i f -  

A devia t ion  p l o t  from t h i s  f i t ,  however, i s  s t i l l  not  normally d i s -  
t r i b u t e d  ind ica t ing  r e s i d u a l  e r r o r s .  The source of t hese  r e s i d u a l s  could 
e a s i l y  be any one o r  a l l  of t h e  o the r  uncontrolled variables discussed i n  
t h e  previous sec t ions .  

It w a s  a l s o  discovered i n  t h i s  run (AA) t h a t  t h e  nonorthogonality of 
t h e  output p o l a r i z a t i o n  states w a s  no t  independent of t h e  a r t i f a c t  being 
measured. Our i n a b i l i t y  t o  expla in  t h i s  e f f e c t ,  t h e  inexpl icable  l a r g e  
temperature c o e f f i c i e n t ,  and t h e  l a c k  of knowledge of qua r t e r  wave p l a t e  
and mirror alignment precluded any more sophis t ica ted  ana lys i s  of these  
d a t a  . 

An attempt w a s  made t o  analyze runs T and U i n  conjunction with AA 
using t h e  double tangent formula. Since no attempt had been made t o  keep 
t r a c k  of t h e  phase on t h e  o lder  runs we estimated i t  from t h e  pressure.  
This a t t e m p t  w a s  unsuccessful poss ib ly  due t o  the  phase estimate but more 
l i k e l y  due t o  t h e  l a r g e r  (unexplained) s c a t t e r  on t h e  o lde r  runs. 

The presence of t h e  anomously high temperature c o e f f i c i e n t  and the  
beam mixing term i n  t h e  length  d i f f e rence  between our two "masters" (H1 
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and HZ) p rec ludes  any v a l i d  measurement of t h e  o the r  a r t i f a c t s .  
are simply i n s u f f i c i e n t  d a t a  t o  determine wi th  any s ta t i s t ica l  s i g n i f i -  
cance the r e l e v a n t  temperature c o e f f i c i e n t s  and beam mixing t e r m s  i n  t h e s e  
measurements. 

There 

I n  order t o  t r y  t o  e l imina te  some of t h e  problems discovered i n  run AA, 
a second run AB w a s  begun on 11/6/75. 
n i € i c a n t l y  from those i n  previous runs. 
This  set included t h r e e  a r t i f a c t s  from t h e  previous ly  measured group (H2, C4T, 
and Z7T) along wi th  a two inch  quar tz  o p t i c a l  f l a t  (Fl)  w i th  a good long term 
h i s to ry .  
1967. 
c o e f f i c i e n t s  from a r t i f a c t  c o e f f i c i e n t s .  These four  a r t i f a c t s  w e r e  a l l  
cleaned and mounted i n  t h e  following manner. 
1 / 2  hour i n  an  u l t r a s o n i c  ba th  f i l l e d  with nea r  bo i l ing  w a t e r  and a standard 
l a b  de te rgent .  They were then removed, r insed  i n  d i s t i l l e d  water and blown 
dry  wi th  water pumped super dry Nitrogen (99.5% Assay). They w e r e  then 
immersed i n  nea r  bo i l ing  d i s t i l l e d  water, and again subjected t o  u l t r a -  
sonic  f o r  1 /2  hour. For t h e  f i n a l  cleaning 
they received a 1 /2  hour u l t r a s o n i c  ba th  i n  b o i l i n g  ACS methanol. They 
were quick ly  blown dry  wi th  Nitrogen and s tored  i n  labora tory  a i r  i n  a 
sea l ed  b e l l  jar supplied by CGW. 
and blown dry wi th  Nitrogen t o  remove r e s i d u a l  o i l s  and dus t  from i t  be- 
f o r e  s torage .  

Many details of t h i s  run d i f f e r e d  s i g -  
Only four  a r t i f a c t s  were measured. 

This f l a t  w a s  f l a t  t o  X/10 and had been measured as long ago as 
It was  included i n  t h e  series t o  separa te  in te r fe rometer  temperature 

F i r s t  they were immersed f o r  

They w e r e  d r i ed  as previously.  

The b e l l  j a r  had been r insed  i n  methanol 

- 
These a r t i f a c t s  were then mounted on r e f in i shed  mounting p l a t e s  chosen 

from those  used previously.  
a n i c a l l y  decouple t h e  ar t i facts  from t h e  p l a t e s  and is described i n  t h e  
l a t t e r  p a r t  of Section I V .  

The mounting procedure was  designed t o  mech- 

These a r t i f a c t - p l a t e  assemblies w e r e  then placed i n  t h e  in te r fe rometer  
and a l igned  so t h e  gauging su r faces  were perpendicular t o  t h e  interEerometers 
o p t i c  axis t o  wi th in  + 2 sec. During t h i s  process it w a s  discovered t h a t  t h e  
alignment bf t h e  e t a l z n s  i n  t h e  previous runs.  had been off several minutes 
due t o  a computational e r r o r .  A new alignment procedure which avoided these  
computations w a s  developed and u t i l i z e d  f o r  t h e  alignment i n  t h i s  run. 
f i n a l  alignment w a s  such t h a t ,  due t o  t h e  imperfection of the  beam sp l i t t e rs ,  
r e f l e c t i o n s  from t h e  a r t i f a c t  f a c e s  returned down t h e  bore of t h e  Lamb-dip 
s t a b i l i z e d  laser, through an i s o l a t o r ,  and coupled with t h e  c a v i t y  o s c i l -  
l a t i o n s .  It w a s  t hus  impossible t o  lock the  laser au tomat ica l ly  on t h i s  run 
and tuning t o  t h e  Lamb d ip  was  done manually before each measurement series. 

The de tec to r  w a s  a l s o  a l t e r e d  f o r  t h i s  run, the  metal mi r ro r s  were 

The 

removed, and t h e  s h a f t  encoder, which w a s  suscep t ib l e  t o  electrical  noise ,  
w a s  replaced wi th  a precrs ion  w i r e  wound pot,  a D.C. power supply and d i g i -  
t a l  voltmeter. This  device w a s  much more s t a b l e  than the  encoder enabling 
us t o  t r a c k  t h e  phase r e l i a b l y  throughout t h e  run. The ex i t  beam from t h e  



in te r fe rometer  went s t r a i g h t  t o  the qua r t e r  wave p l a t e ,  then through t h e  
Faraday ce l l  and the  analyzer t o  t h e  photodetector.  A t t e m p t s  a t  b e t t e r  
q u a r t e r  wave p l a t e  alignment were f r u s t r a t e d  by wavefront mismatch (See 
Section VII). 

I n i t i a l  measurements i n  this run showed t h a t  t h e  output beam non- 
or thogonal i ty  no longer depended upon t h e  p a k t i c u l a r  a r t i f a c t  bu t  was 
cons tan t  a t  f. 2.44 3. .01 degrees independent of t h e  a r t i f a c t .  
i n  behavior w a s  due-presumably t o  one or a l l  of t h e  above changes i n  pro- 
cedure. 

. 

This change 

, -  

Run AB was  begun on 11/6/75 and terminated 11/25/75. 
purpose of t h i s  run was t o  check f o r  temperature c o e f f i c i e n t s ,  t h e  tempera- 
t u r e  w a s  va r i ed  from 18 OC t o  23 "C during t h e  course of t he  run i n  a pseudo- 
random fashion, 
match i n  t h e  in te r fe rometer  from t h e  pressure  c o e f f i c i e n t  a t  cons tan t  temp- 
e r a t u r e .  
longer. 
s u r e  and air  temperature e f f e c t s  and the  r e s u l t i n g  da ta  used t o  compute t h e  
in te r fe rometer  temperature c o e f f i c i e n t .  A l i n e a r  least squares f i t  yielded 
a c o e f f i c i e n t  of 198.8 degrees (phase)/deg. C f o r  t h e  in te r fe rometer  alone. 
This  c o e f f i c i e n t  i s  much too l a r g e  t o  come from any g l a s s  pa th  mismatch o r  
refractive index inhomogenities. W e  suspect t h a t  i t  o r ig ina t ed  a t  t h e  beam 
s p l i t t e r  sur faces ,  which due t o  t h e  performance degradation ( a l s o  respons- 
i b l e  f o r  t h e  "beammixing") were opera t ing  i n  a very  uns tab le  po r t ion  of 
t h e i r  response curve. [ I n  a region of rapid change i n  t h e  real p a r t  of a 
response func t ion  (transmission) t h e  imaginary p a r t  (phase) i s  a l s o  r a p i d l y  
changing, a phenomena w e l l  known t o  e l e c t r i c a l  engineers.  It is necessi-  
t a t e d  by c a u s a l i t y  as expressed i n  t h e  Kramers-Kronig r e l a t ions . ]  
performed no c a l c u l a t i o n s  t o  v e r i f y  t h i s  hypothesis.  

Since t h e  main 

The d a t a  from t h e  f l a t  were used t o  compute t h e  pa th  mis- 

This a i r  pa th  mismatch w a s  .63 inches,  t h e  c e n t r a i  p a t h  being 
With t h i s  knowledge t h e  remaining da ta  w e r e  cor rec ted  f o r  a i r  pres- 

W e  have 

Af ter  t h e  in te r fe rometer  a n a l y s i s  t he  length  d i f f e rences  between t h e  
a r t i f a c t s  as a func t ion  of temperature were l i n e a r l y ' l e a s t  squares f i t  t o  
a s t r a i g h t  l i n e .  The r e s u l t i n g  c o e f f i c i e n t s  were i n  reasonable agreement 
w i t h  t h e  accepted va lues  given i n  Table 1. The d i f f e rence  between t h e  
Homosil (H2) and t h e  Cerv i t  (C4T) w a s  .54 4- .02 ppm/OC and t h e  Cervit  (C4T) 
and t h e  Zerodur (Z7T) yielded .03 5 .02 pp;/"C. 
r e f l e c t  t h e  narrow temperature range covered and t h e  presence of non-random 
"beam mixing" e r r o r s .  
d a t a  set as t h e  above r e s u l t s  ind ica ted  t h a t  t he  anomously l a r g e  temperature 
c o e f f i c i e n t s  had been removed by one o r  a l l  of t he  above changes, which w a s  
t h e  purpose of t h i s  subs id ia ry  experiment. 

The l a r g e  u n c e r t a i n t i e s  

N o  attempt was  made t o  remove these  e r r o r s  from t h e  
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Conclusions 

The main result of this project was an increased understanding of the 
polarization interferometer as an analytic and metrological tool. 
clear from the preceding that if great care is taken measurements at the 
part in lo8 or even lo9 level w i l l  be possible with such instruments. 
do this, however, will require construction of a new interferometer system 
based on the knowledge we have gained in this experiment. 

It seems 

To 

The requirements of such a system are varied. For reasons of clarity 
we have outlined these requirementsas we currently conceive themin Table 3 .  
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I 
I 

8 9 Table 3 .  Out l ine  of requirements f o r  p a r t s  i n  1 0  o r  1 0  po la r i za t ion  
in te r fe rometer .  

I. Source 

1) Source must be Lamb-dip s t a b i l i z e d  o r  Iodine adsorption s t a b i l i z e d  
Helium-Neon laser f o r  required frequency stab’ility. 

2) Laser must be e f f e c t i v e l y  i s o l a t e d  from in te r fe rometer  t o  prevent 
feedback. 

3) Laser source must be s p a t i a l l y  f i l t e r e d  and coll imated t o  remove 
l eng th  dependent e r r o r s  and allow f o r  proper alignment. 
za t ion  d i f f e rences  caused by wavefront mismatch mask e l l i p t i c i t y  
e f f e c t s  . ) 

(Polari-  

11. Mechanical Construction 

1 )  Machinery f o r  r epos i t i on ing  a r t i f a c t s  must be accura te  and wear 
r e s i s t a n t .  The previous s p e c i f i c a t i o n s  (+ 1 sec; + .001 inches) 
seemed adequate but over -k i l l  i n  t h i s  area would b e  h ighly  de- 
s i r a b l e .  
year ’s  period, pr imar i ly  due t o  damage of t h e  f l a t  used on t h e  
pos i t i on ing  p l a t e .  

I n  order  t o  check t h e  c a p a b i l i t y  f o r  abso lu t e  measurements and 
in su re  c l e a n l i n e s s  it would be highly d e s i r a b l e  t o  perform t h e  
measurements i n  a hard vacuum. 

The previous system d id  show measurable wear over a 

2) 

111. The Interferometer 

1) Highly e f f i c i e n t  stable beam sp l i t t e rs  must be used. 

2) A i r  and g l a s s  pa ths  must be matched c a r e f u l l y  f o r  absolu te  mea- 
surements t o  be poss ib le .  

3) The number and type of t h i n  f i lm  i n t e r f a c e  r e f l e c t i o n s  and t r ans -  
missions should be matched. This, with (2  , should r e s u l t  i n  an 

c o e f f i c i e n t  . 
in te r fe rometer  wi th  e f f e c t i v e l y  zero (<lo- & /deg.C) temperature 

4 )  To avoid wavefront and po la r i za t ion  d i s t o r t i o n  t h e  most homoge- 
neous and least b i r e f r ingen t  material a v a i l a b l e ,  perhaps fused 
s i l f c a ,  should be used throughout. 

A l l  r e t a r d e r s  used i n  interferometer assembly should be of f i r s t  
o rde r  o p t i c a l l y  contacted quar tz .  This w i l l  y i e ld  g r e a t e r  band- 

5) 
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width, acceptance angle  and temperature s t a b i l i t y .  This w i l l  a l s o  
in su re  a reasonable match wi th  in te r fe rometer  expansion c o e f f i c i e n t s .  

7) Whenever poss ib l e  o p t i c s  should be o p t i c a l l y  contacted,  o r  
coated to remove unwanted and confusing r e f l e c t i o n s .  

8 )  Geometry must be such as t o  make measurements i n s e n s i t i v e  t o  
angle  t o  f i r s t  order. 

I V .  The Detector 

The b i r e f r ingen t  qua r t e r  wave p l a t e  must be removed from t h e  system 
s ince  cu r ren t  state of t h e  a r t  precludes cons t ruc t ing  these  devices 
t o  better than 1% (about a lo phase s h i f t  e r r o r ) .  
tunable Soleil-Babinet compensator o r  Fresne l  Rhomb might be used. 

I n  i t s  p lace  a 

The Faraday ce l l  should be modified so t h a t  higher modualtion 
levels and g r e a t e r  transmission apera ture  are ava i l ab le .  This 
w i l l  permit b e t t e r  noi.se r e j e c t i o n  and a l low a wider gauging area 
t o  be inves t iga ted .  

It would be d e s i r a b l e  t o  develop a means of s p a t i a l l y  f i l t e r i n g  
t h e  in te r fe rometer  output before  de tec t ion .  This would allow t h e  
ana lys i s  of s e l ec t ed  spa t ia l  frequency and thereby improve s i g n a l  
t o  n o i s e  and reduce wavefront matching requirements. 
might be conveniently done holographically.  

This  f i l t e r i n g  

Detec tor  must inc lude  provis ions  t o  in su re  c o r r e c t  alignment of t h e  
r e t a r d a t i o n  element used t o  produce c i r c u l a r  p o l a r i z a t i o n  (see 1). 

Analyzer must have a very high ex t inc t ion  r a t i o  (<lo ) i n  order t o  
check de tec to r  alignment and operation. 

4 
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Appendix A 

._  Beam Coincidence Errors  o f  t h e  Dyson 

. Double -Pass Inter f er omet er 

by 
A. W. Hartman 

Dyson (' -' ' 3, has introduced an in te r fe rometer  f o r  t he  

measurement of t h i n  f i lms ,  which is charac te r ized  by two main 

f ea tu res  : 

(1) I n s e n s i t i v i t y  to  s m a l l  t r a n s l a t i o n s  and r o t a t i o n s  

A diagram o f  t h i s  in te r fe rometer  i s  shown i n  Figure 1. 

Proper funct ioning ol" t h i s  instrument r equ i r e s  among o the r  

things 

I n  p r a c t i c a l  instruments ,  this has o f t e n  only p a r t i a l l y  been 

t h a t  t h e  two output  beams are p a r a l l e l  and co inc ident .  

(4) achieved. 

I n  this note ,  beam coincidence e r r o r s  are ca l cu la t ed  

pa rax ia l ly  as a func t ion  of a x i a l  alignment and of prism con- 

s t r u c t i o n .  The numbers h2ve bean taken from a prototype i n s t r u -  

ment i n  opera t ion  at t he  @ t i c a l  Physics Divis ion of N8S. 

The following parameters are s tudied :  

(a) specimen thicknzss  

(b) qua r t e r  -wave p l a t 2  thickness 

(c) d i s t ance  o f  the  bean- sp l i t t i ng  poin t ,  and the  r e f l e c t i n g  
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surface t o  the  f r o n t  f o c a l  plane of  the lens  

(d) 

(e) 

distance of the specimen su r face  t o  t h e  rear f o c a l  plane 

sphe r i ca l  abe ra t ion  of  t h e  l e n s  ( i n  ten& of % foca l  power) 

(f) modkfication of the o r i g i n a l  cube-shaped Wollaston prism, 

w i t h  either one o r  t h e  o the r  po lar ized  beam en te r ing  the  interferom- 

eter normal to  t h e  prism surface.  

The r e s u l t s  of the c a l c u l a t i o n s  are i n  terms of "angle e r ro r "  

(=angle between output  beams) and "spacing e r ro r "  (==dig tance be-. 

tween beam e x i t  po in t s ,  assuming a very  s h o r t  po la r i z ing  prism). 

They have been p l o t t e d  i n  Figures  2 and 3. 

Several  conclusions can be drawn: 

(1) The beam-spl i t t ing poin t  and r e f l e c t o r  should be i n  

t h e  f r o n t  foca l  plane,  or o p t i c a l l y  symmetric on opposi te  s i d e s  

. of  t h i s  plane / 

( 2 )  t h e  in te r fe rometer  can be modified f o r  measuring f i n i t e  

s t e p  he ights  by s p l i t t i n g  t h e  l ens  as shown i n  Figure 4. I f ' o n l y  

one s t e p  he igh t  v a l u e  is of i n t e r e s t  (such as the  thickness of a 

s p e c i f i c  gage block) and t h i s  va lue  is  f a i r l y  small relative t o  

the  foca l  length (15 - 20"/,), t h e  l ens  can be o f  a cemented o r  even 

monolithic construct ion.  

' 

(3) The Wollaston prism has genera l ly  an  appreciable  beam 

"summation" e r r o r ,  which can b e  made zero by s l a n t i n g  one of 
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the prism faces .  

w i t h  14.2’ cementing angle ,  t h e  f r o n t  f ace  should be c u t  a t  a 20”/, 

In the  p a r t i c u l a r  case of a calcitelcalcite prism 

s l a n t ,  as shown i n  Figure 3. It is l a r g e l y  €nunaterial whether 

one o r  the sther polarized beam extts normal . to t h e  prism. 

More e l abora t e  c a l c u l a t i o n s  a r e  i n  progress t o  a r r i v e  a t  a 

complete model f o r  the double-pass Dyson in te r fe rometer .  
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